Plants utilize UDP-arabinofuranose (UDP-Araf) in the biosynthesis of Araf-containing complex carbohydrates. UDP-Araf is synthesized from UDP-arabinopyranose by UDP-arabinopyranose mutases (UAMs). Here we describe the heterologous expression of rice (Oryza sativa) UAM genes in insect cells and report some of their enzymatic properties. Recombinant UAMs might serve as useful tools for the biosynthesis of UDP-Araf and might be better than chemical synthesis.
Arabinofuranosyl (Araf) residues are a quantifiably important constituent of plant primary and secondary cell walls.
1) UDP-arabinofuranose (UDP-Araf), which is not commercially available, is a donor substrate for the biosynthesis of Araf-containing polysaccharides, proteoglycans, and glycoproteins.
2) Thus a simple procedure to generate UDP-Araf is required for studies of the biosynthesis of plant complex carbohydrates. UDP-Araf is formed from UDP-arabinopyranose (UDP-Arap) by plant UDP-arabinopyranose mutases (UAMs), but purifying this enzyme is time-consuming.
3) Bacterial UDPgalactopyranose mutases (UGMs) have been found to interconvert UDP-Araf and UDP-Arap, but the efficiency of the reaction is 1/10 of that for the formation of UDP-galactofuranose from UDP-galactopyranose. 4) UDP-Araf can also be chemically synthesized in low yields, but the procedure is complex and involves multiple steps. 4) In a previous study we found that functional recombinant UAMs can be obtained by expressing rice UAM genes in Escherichia coli, but the recombinant proteins were not sufficiently stable for long-term storage and detailed biochemical characterization.
3) Here we report that the expression of UAM genes in Spodoptera frugiperda insect cells gave recombinant proteins that remained functional after repeated freeze-thaw cycles and had properties comparable to naturally occurring plant mutase. The ability to generate stable recombinant UAMs provides a convenient and simple route for the synthesis of UDP-Araf.
UDP-L-arabinose (UDP-Arap and UDP-Araf) and UDP-Xyl were purchased from Peptide Research Institute (Osaka, Japan) and the Complex Carbohydrate Research Center (The University of Georgia, Athens, GA) respectively. UDP-Glc and UDP-Gal were from Kyowa Hakko Kogyo (Tokyo). All other reagents used were of analytical grade.
UDP-arabinopyranose mutase (UAM) was purified from rice seedlings, and mutase activity was determined as described previously.
3) Briefly, purified rice enzyme (80 ng) or recombinant UAM in 20 mM HEPES-KOH, pH 6.8 containing 5 mM MnCl 2 and 2 mM UDP-Araf (5 ml) was reacted at 25 C. In kinetic analysis, a range of concentrations (0.05-20 mM) of UDP-Arap and UDPAraf were used. A concentration of 0.05 mM was the minimum value to detect the UDP-Ara formed by rUAM. A temperature range of 0 to 90 C was used to determine the optimum temperature for activity. The optimum pH was determined using various pH values between pH 4.0 and pH 9.0. The inhibitory effect of UDP on UAM activity was determined by adding UDP (2 and 5 mM) to the reaction mixture together with concentrations (0.05-5.0 mM) of UDP-Araf as substrate. The effects of UDPGlc, UDP-Gal, and UDP-Xyl on rUAM activity were determined by reacting each UDP-sugar (about 8 mM) with rUAM1 for various durations at 25 C, followed by the addition of UDP-Araf (to 2 mM). The reaction mixture was kept for 5 min and mutase activity then determined.
To investigate synergistic effects due to the mixing recombinant proteins, the following combinations of rUAMs were examined: rUAM1 plus rUAM2, rUAM1 plus rUAM3, rUAM2 plus rUAM3, and rUAM1 plus rUAM2 plus rUAM3. Each recombinant protein (0.1 mg) was mixed and kept at 25 C for 60 min, and then UDPAraf (final 2 mM) was added. After 5 min, the reaction was stopped and the UDP-Arap formed was measured by HPLC. As a control, UAM activity was determined using each rUAM1 and rUAM3 (0.1 mg) under the same conditions as for the mixing proteins.
Three recombinant UAM proteins (rUAM1, rUAM2, and rUAM3) were generated by separately expressing OsUAM (Oryza sativa UDP-arabinopyranose mutase) genes in a baculovirus/insect cell system (Nihon Nosan Kogyo, Yokohama, Japan). A polymerase chain reaction was performed using the primer sets described previously. 3) Amplified DNA fragments containing rice UAM1, UAM2, or UAM3 full-length cDNA with SmaI and y To whom correspondence should be addressed. Tel: +81-29-829-8276; Fax: +81-29-874-3720; E-mail: tishii@ffpri.affrc.go.jp Biosci. Biotechnol. Biochem., 74 (1), [191] [192] [193] [194] 2010 Note EcoRI restriction sites were separately introduced into a transfer vector (pPSC8, Protein Sciences, Meriden, CT). The expression vectors generated, pPSC8-UAM1, pPSC8-UAM2, and pPSC8-UAM3 DNA, were separately co-transfected with baculovirus (AcNPV) DNA into expresSF+ Ò insect (S. frugiperda) cells. The cells were then cultured for 72 h at 28 C in culture medium (100 ml) according to the manufacturer's instructions. The recombinant UAM protein was released by freezethawing the insect cells (obtained from 50 ml of 100 ml of culture) with a lysis buffer (5 ml) consisting of 50 mM HEPES-KOH, pH 6.8, containing 0.2 M NaCl, 10 mM 2-mercaptoethanol, 1 mM dithiothreitol (DTT), and Complete Protease Inhibitor Cocktail (Roche Diagnostics, Mannheim, Germany). The suspension was centrifuged for 10 min at 5,000 rpm at 4 C. The resulting supernatant was applied to a Superdex 200 column (1:6 Â 60 cm, GE Healthcare Life Sciences, Piscataway, NJ), pre-equilibrated with 20 mM potassium phosphate, pH 6.8, containing 0.15 M NaCl. The column was eluted at 0.8 ml min À1 , and 1.6 ml fractions were collected. The UAM activity in each fraction was then determined. The active fractions were combined and then dialyzed overnight at 4 C against 25 mM Bis-Tris, pH 6.3 (1 liter). The dialyzed solution was applied to a Mono P column (1 Â 20 cm, GE Healthcare BioScience, Piscataway, NJ), pre-equilibrated with 25 mM Bis-Tris, pH 6.3. The column was eluted at 0.5 ml min À1 with Polybuffer 74 (pH 4.0) (GE Healthcare Bio-Sciences), and 1.0 ml fractions were collected. The fractions with the highest mutase activity were combined and dialyzed against potassium phosphate buffer (pH 6.8), and, when necessary, concentrated with a Centricon plus-20 filter device (Millipore, Bedford, MA). Since the rUAM2 protein had no activity, the rUAM2 fractions which corresponded to the active fractions of rUAM1 were collected by comparison of the chromatograms with those of rUAM1. The purified proteins (7-20 mg) were obtained from 100 ml of culture.
RGP1 and RGP2 antibodies, raised against rice RGP1 and RGP2 respectively, were obtained from Dr. Sandra Langeveld.
5) RGP1 and RGP2 are identical to UAM1 and UAM2 respectively.
3) A rabbit polyclonal anti-UAM3 antibody was generated using the purified recombinant UAM3 protein (TaKaRa Bio, Kusatsu, Japan). Western blot analysis was performed with anti-RGP1, -RGP2, and -UAM3 antibodies. Purified recombinant proteins (1 mg each) and rice mutase purified from rice seedlings (1 mg) were separated by SDS-PAGE, followed by transfer to PVDF membranes. The membranes were blocked overnight at room temperature with 3% w/v BSA in PBS buffer containing 0.05% w/v Tween 20. They were then reacted for 60 min with anti-RGP1 (1:250 dilution), anti-RGP2 (1:250 dilution), or anti-UAM3 (1:500 dilution). They were then reacted for 60 min with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:5,000 dilution). All the membranes were visualized using the SuperSignal West Dura chemiluminescent reagent (Pierce, Rockfold, IL) and imaged using a CCD camera and a Lumino Image Analyzer (LAS-1000, Fuji Film, Tokyo).
Three recombinant UAM proteins (rUAM1, rUAM2, and rUAM3) were generated separately by expression in S. frugiperda Sf9 insect cells. The purified rUAM1 and rUAM3 had apparent molecular masses of about 40 kDa on SDS-PAGE, comparable with the molecular masses calculated from the deduced amino acid sequences of the corresponding genes (41,349 Da for UAM1 and 41,279 Da for UAM3). The apparent molecular mass of rUAM2 (32 kDa) was somewhat lower than the value calculated from the amino acid sequence of the protein (38,907 Da) (Fig. 1A) . The partial amino acid sequences obtained from this 32-kDa band were identical with those of rice UAM2 (data not shown). The anti-RGP2 antibody reacted with this band and a 39-kDa band, but did not react with either rUAM1 or rUAM3. The 32-kDa band appeared to be a degradation product of the 39-kDa protein. By contrast, the anti-RGP1 antibody had strong reactivity with both rUAM1 and rUAM3, whereas the anti-UAM3 antibody reacted strongly with rUAM3 but only weakly with rUAM1. UAM1 and UAM3 are 88% identical in amino acid sequence, but they share only 46% identity with UAM2. These results reflect the similarity of the amino acid sequences of the UAM genes. All three antibodies reacted with purified rice UAM (Fig. 1B) , providing additional evidence that rice UAM exists as a complex that contains UAM1, UAM2, and UAM3.
3) Previous studies had led to the suggestion that rice RGP is a complex consisting of RGP1 and RGP2. 5) The mutase activity of the recombinant proteins was determined using UDP-Araf or UDP-Arap as substrate. rUAM1 and rUAM3 had mutase activity, whereas rUAM2 had no discernible activity (Fig. 2A) . These results are consistent with previous data showing that rUAM1 and rUAM3 had mutase activity when expressed with GST affinity tags in E. coli.
3) The rUAM1 and rUAM3 expressed in insect cells retained activity even after repeated cycles of freezing and thawing, in direct contrast to the E. coli recombinant proteins, which lost activity when they were kept overnight at 4 C. Insect cell rUAMs are glycosylated. 6) This is considered to be one of the reasons for the stability of the rUAM expressed in insect cells.
Some enzymatic properties of rUAM1 and rUAM3 were determined. The ratio of UDP-Arap to UDP-Araf reached a plateau at 93:7 from both pyranose-and furanose-forming directions for both rUAM1 and rUAM3 (Fig. 2B) . The temperature optimum of rUAM1 and rUAM3 was 50 C (Fig. 2C ). rUAM1 A, UAM activity of recombinant UAM proteins was examined using UDP-Araf ( f) as substrate. The reaction product UDP-Arap (p) was detected by HPLC when rUAM1 or rUAM3 was incubated with UDP-Araf. No mutase activity was detected in rUAM2. B, The reaction equilibria of rUAM1 and rUAM3 were analyzed with a prolonged reaction time. The standard reaction mixture (5 ml) contained 2 mM of substrate. Open circles, the amount of UDP-Araf produced when UDP-Arap was used as the substrate. Closed circles, the amount of UDP-Araf produced when UDP-Arap was used as the substrate. C, Optimum temperature for the reaction of rUAM1 and rUAM3 was determined at pH 6.8 using UDP-Araf as substrate. D, The optimum pH for the UDP-Arap forming and the UDP-Araf forming reaction of rUAM1 and rUAM3 was analyzed at 25 C. Circles, acetate; diamonds, MES-KOH; squares, HEPES-KOH; triangles, Tris-HCl. Closed symbols, and open symbols represent pyranose forming and furanose forming reaction respectively. retained half of its activity after 80 h at 25 C and after 1 h at 50 C. The optimal pH was 6.5 for furanoseforming activity and 6.0 for pyranose-forming activity (Fig. 2D) . Kinetic analysis was performed using UDPAraf or UDP-Arap (0.05-10 mM, see Table 1 ). The apparent K m and V max values of rUAM1 for UDP-Araf (conversion of UDP-Araf to UDP-Arap) were 22.8 mM and 0.688 mmol min À1 mg protein À1 respectively. The apparent K m and V max values for UDP-Arap (conversion of UDP-Arap to UDP-Araf) were 45.4 mM and 0.269 mmol min À1 mg protein À1 respectively. These results confirm that the reaction favors pyranose formation, which is thermodynamically more stable than furanose. rUAM3 showed kinetic values similar to those of rUAM1 for UDP-Araf (conversion of UDP-Araf to UDP-Arap; K m 84.8 mM, V max 2.82 mmol min À1 mg protein À1 ) and for UDP-Arap (conversion of UDP-Arap to UDP-Araf; K m 210 mM, V max 1.36 mmol min À1 mg protein À1 ) ( Table 1) . Native rice mutase is likely to exist as a complex composed of several different UAMs. A synergistic effect due to mixing of the recombinant proteins was examined. A combination of rUAM1 plus rUAM3 increased mutase activity 1.5-fold as compared with that of the sum total of rUAM1 and rUAM3. The addition of rUAM2 to rUAM1 and rUAM3 increased the activity 1.3-fold and 2.1-fold respectively as compared with that of rUAM1 and rUAM3 only. This indicates that rUAM2 may make a complex with rUAM1 and with rUAM3 to increase activity. The combination of rUAM1, rUAM2, and rUAM3 increased activity 1.7-fold as compared with that of the sum total of rUAM1, rUAM2, and rUAM3. This suggests that UAM isozymes work synergistically to increase activity.
In a previous study we found that rice UAM was reversibly glycosylated in the presence of UDP-Glc and that the UAM and proteins that were reversibly glycosylated in the presence of UDP-Glc were identical.
3) Rice UAM activity was decreased by about 50% by pretreatment with UDP-Glc.
3) The effect of the addition of various UDP-sugars on rUAM activity was measured. rUAM1 activity decreased by 40%, 20%, and 5% under pretreatment for 3 h with UDP-Glc, UDP-Xyl, and UDP-Gal respectively. However, mutase activity did not decrease when UDP-Araf was reacted with rUAM1 in the presence of an equimolar amount or an 8-fold higher concentration of UDP-Glc without preincubation. This suggests that UDP-Glc, UDP-Xyl, and UDP-Gal compete with UDP-Araf for rUAM1, but that the affinity of UAM1 for these UDP-sugars is much lower than for UDP-Araf. The reason UAM has RGP activity remains unsolved. UDP inhibited rUAM1 activity in a competitive manner, with lower affinity for enzyme than substrate. Linear regression analysis of the Dixon plot showed an apparent K i value of 1.40 mM for UDP. UAM contains a DXD motif as is characteristic of the GT-A family of glycosyltransferases. 7) This motif is believed to be involved in binding with the phosphate groups of the nucleotides. 7) UDP is likely to bind to this motif to inhibit activity.
In summary, the recombinant UAMs expressed in insect cells and native rice mutase had similar properties and stabilities, and were more stable than the rUAMs obtained from E. coli.
3) The ability to produce stable recombinant UAM proteins should provide a method to generate UDP-Araf that is less complex than chemical synthesis. 
